Abstract-This paper proposes a single-phase reconfigurable battery charger for an electric vehicle (EV) that operates in three different modes: 1) grid-to-vehicle (G2V) mode, in which the traction batteries are charged from the power grid; 2) vehicle-to-grid (V2G) mode, in which the traction batteries deliver part of the stored energy back to the power grid; and 3) traction-to-auxiliary (T2A) mode, in which the auxiliary battery is charged from the traction batteries. When connected to the power grid, the battery charger works with a sinusoidal current in the ac side, for both G2V and V2G modes, and regulates the reactive power. When the EV is disconnected from the power grid, the control algorithms are modified, and the full-bridge ac-dc bidirectional converter works as a full-bridge isolated dc-dc converter that is used to charge the auxiliary battery of the EV, avoiding the use of an additional charger to accomplish this task. To assess the behavior of the proposed reconfigurable battery charger under different operation scenarios, a 3.6-kW laboratory prototype has been developed, and experimental results are presented.
I. INTRODUCTION
T HE INTEREST in technologies for electric vehicles (EVs) and plug-in hybrid EVs (PHEVs) has significantly increased in the last years, as reflected in the number of scientific publications [1] - [4] . In addition to the increasing interest on the subject, it is predictable that the number of EVs will grow immensely in the upcoming decades. In a baseline forecast, electric cars will account for 64% of U.S. light-vehicle sales by 2030 and will comprise 24% of the U.S. light-vehicle fleet by this year [5] . However, the power grids were not designed for this new type of load; therefore, the impact caused by the prolif- eration of EVs cannot be neglected [6] , [7] . Nevertheless, EVs have the capability of storing a significant amount of energy in their traction batteries (the batteries used to store the energy that is provided to the powertrain of the EV), and if a large number of EVs operate in a coordinated way using bidirectional battery chargers, they can be used to balance the production and consumption of energy of the electrical power grid [8] . One factor that supports that such collaboration between EVs and electrical power grids may exist relates to the fact that private vehicles are parked, on average, 93%-96% of their lifetime, such that, during that time, each vehicle represents an idle asset [9] . Using adequate power converters and control algorithms, the battery chargers of EVs can regulate both the active and reactive power flows from the power grid, contributing to the stabilization of the electrical system voltage and frequency [10] - [12] . The integration of EVs in the power grids will be a fundamental part of future smart grids. The denominated vehicle-to-grid (V2G) paradigm, in which the traction batteries of the EVs deliver part of the stored energy back to the power grid, is expected to be one of the key technologies in the future of smart grids [13] , [14] . With a simpler way to access the energy market, it is predictable that EV users will intend to participate in the energy market, according to their convenience, profiting from the energy price variations along the day to have a payback from the V2G operation mode. From 2015 to 2020, it is expected that the global V2G vehicle unit sales will grow from about 100 000 to more than 1 000 000, which means an annual growth rate of 59% from 2015 to 2020 [15] . Therefore, the development of solutions that allow the integration of EVs in smart grids is a subject of utmost importance. Aware of this, many researchers have focused their scientific investigations on the design and implementation of optimized topologies toward onboard battery chargers [14] , [16] , [17] . Nowadays, two main EV charging solutions are being researched: the inductive and the conductive methods. In the conductive method, there is an electrical contact between the vehicle and the power grid, and in the inductive method, there is no electrical contact between the vehicle and the power grid [18] . Although recent development has been in the inductive method [19] , [20] , the most common solutions are based on the conductive method [21] . The majority of EVs are being designed with conductive-method onboard unidirectional battery chargers, which are specified by IEC 61851-1 standard Modes 1, 2, and 3 [22] . These unidirectional battery chargers only permit operation in grid-to-vehicle (G2V) mode, in which the traction batteries are charged from the power grid. In addition to the onboard battery chargers, some vehicles 0018-9545 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. allow the possibility of charging their batteries with offboard unidirectional chargers, which are specified by IEC 61851-1 standard Mode 4.
Various solutions for battery chargers of EVs operating in G2V mode have been proposed in recent years. In [23] , a battery charger for PHEVs based on a buck converter with a controllable power factor is proposed. This topology has a single-stage H-bridge, aiming to reduce the size and weight of the charger. In addition to the conventional bridge boost power-factor-correcting (PFC) topologies [16] , [24] , in [25] , an overview of the bridgeless boost PFC topologies is presented. In [26] , an innovative topology based on a three-phase ultrasparse matrix converter is presented, which absorbs currents with low total harmonic distortion (THD) and nearly unitary power factor over a wide output power range, from zero to full load.
Aiming to accomplish the V2G mode of operation, it is necessary to use battery chargers with bidirectional power converter topologies, which are reviewed in [27] and [28] . A five-level bidirectional grid interface with a dc-dc converter to provide a regulated dc link voltage to the motor drive and to capture the braking energy during regenerative braking is presented in [29] . More recently, multifunctional modes of operation are being proposed. In [30] , a bidirectional battery charger for PHEVs that can operate in the G2V, V2G, and vehicle-to-home (V2H) modes is proposed. Although all of these research works present interesting functionalities, none of them proposes an important functionality, which consists in charging the vehicle auxiliary battery (the 12-V battery that feeds lighting and signaling circuits, windshield wipers, the stereo sound system, the GPS, and all of the others cockpit functionalities). In vehicles with an internal combustion engine, the auxiliary battery is usually charged from an electric generator (alternator) coupled to the traction motor. In EVs and PHEVs, the alternator is replaced by an extra dc-dc converter that charges the auxiliary battery from the traction batteries.
In [31] , a multifunctional topology that enables energy exchange between two batteries with different voltage levels is proposed. This topology could be used to charge the auxiliary battery from the traction batteries. Although, according to the IEC 61851-1 standard, it is mandatory that the traction batteries are maintained isolated from the vehicle chassis. Therefore, isolated dc-dc topologies are required to accomplish this task. In [32] , an interesting isolated topology that enables the charging of the auxiliary battery from the traction batteries is proposed; however, this topology requires a high number of controlled power semiconductors. This paper proposes a simple low-cost and efficient solution that uses a reconfigurable onboard battery charger topology that, in addition to allowing operation in G2V and V2G modes, accomplishes the traction-to-auxiliary (T2A) battery charging operation mode without additional converters.
The proposed topology operates always with sinusoidal current and controlled reactive power in all ranges of operation (from minimum to full load), in both G2V and V2G modes. The sinusoidal current is important to keep the electrical powergrid voltage with low distortion, particularly if there is a large number of EVs being charged simultaneously. The control of the reactive power is important to regulate the electrical powergrid voltage, to keep it close to the nominal value. Considering that the line impedance of the electrical power grid is mostly inductive, if the battery chargers of the EVs, working collaboratively, operate with a capacitive power factor, they contribute to increasing the voltage in the point of common coupling (PCC) of the power grid; otherwise, if they operate with an inductive power factor, they contribute to decreasing the voltage in the PCC.
II. RECONFIGURABLE BATTERY CHARGING
OPERATION PRINCIPLE Fig. 1 shows the electric diagram of the proposed reconfigurable battery charger. It is composed of three power stages. The first stage is a full-bridge ac-dc bidirectional converter, the second stage is a reversible dc-dc converter, and the third stage is a full-bridge isolated dc-dc converter.
The power flow in each of the power converters depends on the operation modes. Fig. 2 shows the reconfigurable battery charger power flow for the different operation modes. Fig. 2 (a) shows the G2V and V2G modes of operation. In the G2V mode, the active power (P ) flows from the electrical power grid to the dc link and from the dc link to the traction batteries. In the V2G mode, the active power flows in the opposite way. In both these modes, the battery charger can adjust the reactive power Q if requested. Fig. 2(b) shows the T2A mode of operation, in which the energy flows from the traction batteries to the auxiliary battery.
The operation analyses of the reconfigurable battery charger for each of the three operation modes can be described as follows.
A. Grid-to-Vehicle Mode
During this operation mode, sw 1 is closed, and sw 2 is open (see Fig. 1 ). The full-bridge ac-dc bidirectional power converter operates as an active rectifier with sinusoidal current absorption and a controlled power factor, and the reversible dc-dc converter operates as a buck converter.
1) Full-Bridge AC-DC Bidirectional Converter Control:
To accomplish the maximum amplitude of the individual current harmonics specified by IEC 61000-3-2 standard, it is mandatory that the full-bridge ac-dc bidirectional power converter controller be synchronized with the power-grid fundamental voltage. Therefore, a single-phase phase-locked loop (PLL) is the first algorithm implemented by the digital controller. This synchronizing algorithm is similar to the one implemented to three-phase systems [33] , with some adaptation to single-phase systems [34] . In Fig. 3 , the block diagram of the single-phase α-β PLL algorithm is shown. Moreover, in this figure, it is shown that feedback signals pll α and pll β are built up by the PLL algorithm based on the sine and cosine of ωt, respectively (where ω is the angular frequency of the electrical power grid). These feedback signals have unity amplitude, and pll α leads 90
• pll β . When the PLL is synchronized, signals pll α and pll β are the direct and quadrature components of the power-grid fundamental voltage. These signals are used as inputs to the subsequent digital control algorithms.
The reference current i * S of the full-bridge ac-dc bidirectional converter is obtained by the sum of two components: one related with the active power and the other with the reactive power. The active power component P * is directly associated with the charging current of the traction batteries, and is achieved by a proportional-integral (PI) controller designed to keep the dc link voltage regulated.
The second component Q * defines the reactive power that the converter produces or absorbs and is established as an external input parameter. Both the active and reactive power components are multiplied, respectively, by the direct and quadrature components of the PLL (pll α and pll β ) affected by a gain of √ 2. In Fig. 4 , the control block diagram of the full-bridge ac-dc bidirectional converter to generate the current reference i * S is shown.
It is important to note that the maximum value of reactive power Q that the converter can produce is limited by the maximum admissible apparent power S of the full-bridge ac-dc bidirectional converter. (The developed prototype was designed to be used in ac electrical power grids with a nominal voltage of 230 V RMS and with a maximum ac of 16 A RMS, which results in an apparent power level S = 3.6 kVA.) Since the current at the ac side of the proposed battery charger is always kept sinusoidal, and considering that the power-grid voltage is almost sinusoidal, the available reactive power can be approximated by
Therefore, the maximum value of Q depends on the charging stage of the traction batteries, which defines the active power P being delivered to the traction batteries.
The power delivered to the traction batteries changes along the charging process, although during short time intervals, it can be assumed constant. Therefore, considering that, during an electrical grid cycle, the batteries are charged with constant power, and since it is impossible to absorb constant power from an ac single-phase power grid operating with sinusoidal voltage and current, it is necessary to use an intermediary energy storage device. For that purpose, the battery charger uses a dc link capacitor C 1 (see Fig. 1 ). Since the energy stored in the capacitor along one grid cycle changes, its voltage also changes, with a periodicity of 2ω. To avoid that this oscillation perturbs the current reference, a sliding window average is used across the dc link voltage v dc before the PI controller. Thereby, the PI controller only regulates the average dc link voltage V dc in the capacitor, allowing the charge of the batteries with constant power, and absorbing sinusoidal current with constant amplitude from the power grid.
To synthesize the reference current i * S calculated by the control algorithm, a predictive current control is used. Aiming to implement the predictive current controller, it is necessary to measure the power-grid source voltage v S and the source current i S . In Fig. 5 , it can be established that
where the source voltage v S is equal to the sum of inductance voltage v L , resistance voltage v R , and the voltage produced by the full-bridge ac-dc bidirectional converter v F . Resistance R represents the internal resistance of the coupling inductor, with inductance L 1 used in the ac side of the battery charger (see Fig. 1 ). Equation (2) can be written in order of the circuit parameters and of the source current i S , which is the variable to control, resulting in
Usually, the internal resistance of the coupling inductor presents a small value; therefore, its voltage drop can be neglected without introducing significant errors in the system model. Therefore, (3) can be simplified as
Source current error i S error is calculated as the difference between reference current i * S and the produced source current i S , i.e.,
By substituting (5) in (4) and rearranging it to the voltage produced by the converter v F , we obtain
Considering a high sampling frequency, the derivative of the reference (i * S ) and error (i S error ) currents can be approximated by linear variations without introducing significant errors as follows:
Thus, (6) can be approximated by
By rewriting (8) in terms of discrete samples, where k is the actual sample and k − 1 is the previous sample, we obtain
By replacing
in (9), we obtain
is the reference voltage used to control the fullbridge ac-dc bidirectional converter. To obtain the gate pulse patterns to synthesize the reference voltage, which is calculated by the predictive current control algorithm, a unipolar sinusoidal pulsewidth modulator (PWM) with 20-kHz centeraligned triangular carrier was used. To improve the output voltage of the full-bridge ac-dc bidirectional converter, a digital dead-time compensation methodology was implemented. It consists in adding voltage Δv (correspondent to the voltage error introduced by the dead time) to the reference voltage [35] . The structure of the digital predictive current controller is shown in Fig. 6 .
2) Reversible DC-DC Converter Control: The dc link voltage of the battery charger is always higher than the voltage of the traction batteries and for this reason, during the G2V mode of operation, the reversible dc-dc converter operates as a buck converter.
Most of the manufacturers of EV batteries recommend two charging stages: a constant current stage followed by a constant voltage stage. The first stage consists in charging the batteries with constant current until the voltage reaches the recommended maximum voltage, and in the second stage, the voltage is maintained constant until the current consumed by the batteries falls to a residual value. Fig. 7 shows the recommended charging stages for a single-cell battery Winston WB-LYP90AHA LiFePO 4 (90 Ah, 3.7 V) [36] .
To accomplish the recommendations of the manufacturers, during the G2V mode, the reversible dc-dc converter operates as a buck converter that controls both constant current and constant voltage stages, as shown in Fig. 8 . In the constant current stage, the reference current is compared with the actual current, and the current error feeds a PI controller that adjusts the output duty cycle through a PWM with a triangular carrier of 40 kHz. When the voltage of the traction batteries reaches the maximum value recommended by the manufacturer, the control algorithm changes to the constant voltage stage. During this stage, the output voltage of the reversible dc-dc converter is maintained constant with the help of a second PI controller.
To validate the topology and the control algorithms, some simulations were carried out with PSIM 9.0 software. Fig. 9 shows the typical operating waveforms in the G2V mode during the constant-current charging stage, which is obtained with the simulation model. Fig. 9(a) shows voltage v S , current i S , and instantaneous power p S in the electrical power grid, and the instantaneous power in the traction batteries p TB . Fig. 9(b) shows the voltage and current of the traction batteries v TB and i TB , respectively, during the constant-current charging stage. As shown in Fig. 9(b) , the instantaneous power in the electrical power grid p S oscillates between 0 and 7200 VA, although the power in the traction batteries p TB is kept constant, which is equal to 3300 W. Taking into account that there is no reactive power (Q = 0), the battery charger operates with a unitary power factor. 
B. Vehicle-to-Grid Mode
During this operation mode, sw 1 is closed, and sw 2 is open (see Fig. 1 ). The full-bridge ac-dc bidirectional power converter operates as an inverter with sinusoidal current injection and controlled power factor, and the reversible dc-dc converter operates as a boost converter.
1) Full-Bridge AC-DC Bidirectional Converter Control:
Working as an inverter connected to the power grid, the fullbridge ac-dc bidirectional converter must be synchronized with the power-grid fundamental voltage. The synchronization is obtained through a single-phase α-β PLL, as already explained in Section II-A1 and shown in Fig. 3 . The pll α and pll β synchronization signals are used as inputs to the subsequent digital control algorithms.
In the G2V and V2G modes, the current reference (i * S ) of the full-bridge ac-dc bidirectional converter is obtained by the sum of two components, one related with the active power and the other with the reactive power. These power levels are established as external input parameters received from a digital port to enable a future smart grid integration, Taking into account these considerations, the control algorithm employed in the V2G mode is similar to the one used in the G2V mode (see Fig. 4 ).
Aiming to synthesize the reference current previously calculated, a predictive current control was used, as described in Section II-A1. The gate pulse patterns are obtained by synthesizing the reference voltage calculated by the predictive current control algorithm through a unipolar sinusoidal pulsewidth modulator (PWM) with a 20-kHz center-aligned triangular carrier. A dead-time compensation methodology is also used in this operation mode.
2) Reversible DC-DC Converter Control: The dc link voltage has to be greater than the peak value of the power-grid voltage so that the full-bridge ac-dc bidirectional converter can deliver back to the power grid the energy stored in the traction batteries. Since the voltage of the traction batteries is below the required dc link voltage, the reversible dc-dc converter has to operate as a boost converter. Knowing that the voltage of the traction batteries does not suffer significant variation during short periods, the regulation of the active power delivered back to the power grid is possible by the imposition of a constant current provided by the traction batteries. As the voltage of the traction batteries slightly decreases along the discharging process, to maintain the active power constant, it is necessary to increase the reference current for the traction batteries in the inverse proportion. Therefore, the reference current of the traction batteries i * TB is calculated by dividing reference power P * (established as an external input parameter during V2G mode) by the voltage of the traction batteries v TB . The current of the traction batteries is obtained by comparing a reference current with the actual current, and then the resultant error is fed to a PI controller that adjusts the output duty cycle through a PWM with a triangular carrier of 40 kHz, as shown in Fig. 10 . Fig. 11 shows the typical waveforms obtained with the simulation model during the V2G operation mode of the proposed reconfigurable battery charger, with constant active power (P = 3.6 kW) and without reactive power production (Q = 0) delivered to the power grid.
C. Traction-to-Auxiliary Mode
During this operation mode, sw 1 is open, and sw 2 is closed, reconfiguring the circuit in a full-bridge isolated dc-dc converter, as shown in Fig. 1. (The insulated-gate bipolar transistors (IGBTs) from the full-bridge are used as the primary side of this converter). The reversible dc-dc converter is kept out of operation, with the IGBTs being open.
However, the current flows from the traction batteries to the dc link through the reverse diode of the top IGBT (G3T ). In this mode of operation, the dc link voltage is almost equal to the voltage of the traction batteries. The high-frequency transformer is used to attain the required galvanic isolation between the traction batteries and the auxiliary battery, and to reduce the voltage level. Diodes D 1 and D 2 both operate as a full-wave rectifier, whereas L 3 and C 3 both perform as an output filter. The auxiliary battery is not projected to work with high depth of discharge; therefore, it is always charged with a constant voltage. When the auxiliary battery voltage decreases by more than a predefined value, the converter starts the charging operation. When the current consumed by the auxiliary battery falls to less than a predefined residual value, the charging process stops.
To accomplish the constant voltage charging process, the reference voltage is compared with the actual voltage, and the resultant error is fed to PI controller that adjusts the output duty cycle through a PWM, with a center-aligned triangular carrier of 30 kHz. The switching frequency of the fullbridge IGBT is defined to this value as a compromise between the switching losses of the IGBTs and the size of the highfrequency transformer and passive filter (components L 3 and C 3 ). The structure of the full-bridge isolated dc-dc converter digital controller is shown in Fig. 12 . Therefore, the full-bridge isolated dc-dc converter operates with a power range from about 20 to 500 W. In Fig. 13 the typical operating waveforms during the T2A operation mode with an instantaneous power level of 50 W are shown. Fig. 13(a) shows the voltage in the primary winding of the high-frequency transformer v F and the voltage in the auxiliary battery v AB , and Fig. 13(b) shows again the voltage in the primary winding v F and the current in the output filter inductor i L3 . 
III. DEVELOPED ONBOARD RECONFIGURABLE BATTERY CHARGER
In the development of the onboard reconfigurable battery charger prototype, the specification of the electronic components has taken into account the compromises between cost, size, and efficiency. The main specifications of the reconfigurable battery charger prototype are given in Table I. In the three-level full-bridge ac-dc bidirectional converter, the ripple of the ac is dependent on the dc link voltage v dc , the switching frequency, and the coupling inductance value. It was considered acceptable to have a ripple value Δi S of 2% of the ac peak (23 A). To achieve this goal and considering that the circuit will operate with a dc link voltage v dc with an average value of 400 V and with a switching frequency of 20 kHz for each leg, which gives a resulting switching frequency f S of 40 kHz, the coupling inductance has been selected to be 5 mH, in accordance with the following:
As previously mentioned, the power delivered to the battery is constant, and since it is impossible to absorb constant power from a single-phase power grid, it is necessary to use an intermediary energy storage device, which corresponds to the dc link capacitor C 1 (see Fig. 1 ). The sizing of this element is a key factor for the proper operation of the full-bridge ac-dc bidirectional converter. Therefore, considering that
and that
The instantaneous power is defined by
wherep is the average value of the instantaneous power, which corresponds to the energy per time unit transferred from the source to the load; andp is the oscillating value of the instantaneous power p(t), which corresponds to the energy per time unit that is exchanged between the power source and the load. If the losses in the power converters are neglected, then the average value of the instantaneous powerp corresponds to the active power that continuously flows to charge the traction batteries. The oscillating value of the instantaneous powerp is exchanged between the electrical power grid and the energy storage elements of the full-bridge bidirectional ac-dc converter (dc link capacitor C 1 and coupling inductor L 1 shown in Fig. 1 ). The energy exchanged with the dc link capacitor is considered greater than the energy exchanged with the coupling inductor; therefore, the last one can be neglected in the design of the dc link capacitor without introducing significant error. The energy exchanged between the electrical power grid and the dc link capacitor causes a 2ω sinusoidal oscillation on the dc link voltage. Thus, the dc link voltage can be expressed as a sum of two components
where V dc is the average value of the dc link voltage capacitor and is regulated by the control algorithm of the full-bridge ac-dc bidirectional converter (see Fig. 4 ), and Δv dc is the oscillating voltage amplitude that is dependent on the value of p and of the capacitor energy storage capacity, i.e.,
By replacing (17) and (18) in (19), we obtain (20) by which the dc link capacitor can be calculated. Considering that a dc link voltage ripple of 2% of its maximum value (400 V) does not affect the operation of the battery charger, from (20) , the dc link capacitance is calculated with a value of 3.6 mF. In the developed prototype, this capacitance was obtained using four 820-μF/450-V capacitors connected in parallel, which results in an equivalent value of 3.28 mF.
The characteristics of the traction batteries are significant to the design of the reversible dc-dc converter. During the G2V operation mode, the batteries should be charged with a low ripple constant dc and with a low ripple dc constant voltage to preserve the state of health (SoH). On the other hand, during discharge (V2G operation mode), the batteries can support high ripple currents without deteriorating their characteristics. Consequently, the most demanding requirements to the design of the reversible dc-dc converter come from the G2V mode of operation, when the batteries are being charged.
To design the output filter of the reversible dc-dc converter, it was considered that the traction batteries has a minimum operating voltage of 270 V and an average equivalent series resistance (ESR) of 0.2 Ω. The ESR depends on the battery technology, temperature, state of charge (SoC) and SoH; therefore, it can change. Considering the ESR average value of the batteries and aiming a maximum battery ripple current of 0.2 A (2% of the maximum current of 10 A), the maximum battery voltage ripple Δv TB becomes 0.04 V. Using this value, it is possible to design the output filter (L2 and C2) of the reversible dc-dc converter using
which was derived from
where δ is the duty cycle.
By defining the value of L 2 as equal to 300 μH, the value of C 2 must be greater than 571 μF to accomplish the maximum current ripple specification. It is important to use low-ESR capacitors to maintain the output voltage ripple being near the calculated value. In this application, a capacitor with 700 μF is selected (a 680 μF aluminum electrolytic capacitor in parallel with a 20 μF polypropylene film capacitor).
During the T2A operation mode, the auxiliary battery is charged through the full-bridge isolated dc-dc converter. Thus, this converter must also feed all the auxiliary electric circuits of the vehicle. In this prototype, it is assumed that this power is less than 500 W. Therefore, the converter was designed to charge a 12-V auxiliary battery with a maximum power rate of 500 W.
As previously mentioned, the converter that charges the auxiliary battery must have galvanic isolation from the traction batteries; therefore, a high-frequency transformer with a turns ratio of 66 : 4 was used. With this transformer and considering a maximum dc link voltage of 400 V, the converter is able to control the output voltage in a range of 0-24 V.
Assuming a maximum battery ripple voltage of 0.24 V (2% of 12 V), it is possible to design the output filter (L 3 and C 3 ) of the full-bridge dc-dc isolated converter using (23) . Defining the value of L 3 as equal to 100 μH, the value of C 3 must be greater than 34 μF to have the maximum voltage ripple specification. In the developed prototype, a capacitor with 40 μF is used.
The digital control system that implements the control algorithms of the proposed onboard reconfigurable battery charger is composed of several electronic circuits with analog and digital signals, namely, sensors, signal conditioning circuits, voltage level shifters, and optocouplers. The key element of the controller is the digital signal controller TMS320F28335. It is an up-to-date device that operates at 150 MHz with native floating-point support and that includes the necessary peripherals to fulfill all the requirements of this application, namely, analog-to-digital converters, PWMs, a random access memory device, a Flash memory device, and an enhanced controller area network (CAN). The design specifications of the proposed reconfigurable battery charger are summarized in Table II . To assess the operation of the reconfigurable battery charger under the different modes of operation, a prototype was developed and implemented, considering the specifications summarized in Table I , and using the components of Table II. In Fig. 14, the reconfigurable battery charger is shown.
IV. EXPERIMENTAL RESULTS
The developed prototype of the reconfigurable battery charger was submitted to a set of operation tests during the three operation modes (G2V, V2G, and T2A). The reconfigurable battery charger is projected to work with any battery technology and integrates a CAN bus port to communicate with a standard battery management system. Both the traction batteries and the auxiliary battery used in the tests presented in this paper are based on the absorbed glass mat technology. In Fig. 15 , the laboratory workbench is shown. Due to other nonlinear loads existing in the electrical installation, the waveform of the power-grid voltage is distorted. Nevertheless, in all modes of operation, the current consumed by the bidirectional power converter is sinusoidal, contributing to preserving the power quality of the electrical grid. Fig. 16(a) shows the power-grid voltage v S and the absorbed current i S during the G2V mode of operation (with P = 1.8 kW and Q = 0), when the traction batteries are charged. It is shown that the current is sinusoidal and in phase with the voltage (power factor is unitary). Fig. 16(b) shows the obtained experimental results of the voltage v TB and absorbed current i TB of the traction batteries in the reversible dc-dc converter during G2V mode of operation. It is shown that the battery charger accomplishes the objective of charging the batteries with a constant current. It is important to notice that, although the voltage and current in the ac side of the battery charger are almost sinusoidal, resulting in oscillating power consumption since the voltage and current provided to the traction batteries are constant, the batteries are charged with constant power. These results were registered with a Yokogawa DL708E digital oscilloscope.
The experimental results during the operation of the fullbridge isolated dc-dc converter are shown in Fig. 17 . The voltage in the primary of the full-bridge isolated dc-dc converter, which correspond to the voltage in the primary winding of the high-frequency transformer v F , and the auxiliary battery voltage v AB ) are presented in Fig. 17(a) . The voltage in the primary winding v F and the current in the inductance i L3 are shown in Fig. 17(b) . These results were registered with a Tektronix TPS-2024 digital oscilloscope.
To verify the accomplishment of the IEC 61000-3-2 standard regarding the specified maximum amplitude of the individual current harmonics, the reconfigurable battery charger was tested with a FLUKE 435 power quality analyzer. Fig. 18 shows the experimental results of the reconfigurable battery charger during G2V operation mode with active power of 3.4 kW and without reactive power. Fig. 18(a) shows the power-grid voltage and the current waveforms and their true RMS values. Fig. 18(b) shows the amplitude of the first 49 harmonics and the THD of the current. Fig. 18(c) shows the measured active power, apparent power, reactive power, and the power factor. Fig. 19 shows the same experimental measurements in Fig. 18 during the V2G operation mode with active power of 2.2 kW and reactive power of 1.5 kVAr (inductive reactive power).
V. CONCLUSION
In this paper, a reconfigurable battery charger for EVs has been presented. This battery charger allows the interaction with the electrical power grid to charge the batteries (G2V mode) and to deliver part of the energy stored in the batteries back to the electrical power grid (V2G mode). In both operation modes, the battery charger allows the regulation of the reactive power and always works with a sinusoidal current waveform in all range of operations (from minimum to full load), contributing to keeping the electrical power-grid voltage regulated and with low distortion. To operate with a sinusoidal current, even with a distorted electrical power-grid voltage, a grid synchronization algorithm was used, which consists of a single-phase α-β PLL. The requirements of low distortion and low ripple in the ac demand an accurate current control algorithm. For that purpose, a fixed switching-frequency predictive current control was implemented with successful results.
Furthermore, in the G2V and V2G operation modes, the reconfigurable battery charger also allows the charging of the auxiliary battery with energy from the traction batteries (T2A mode). This is a basic requirement for EVs, although usual battery chargers do not incorporate this functionality; therefore, a second additional converter is required. The presented topology proposes a solution that reuses the IGBTs of the full-bridge ac-dc bidirectional converter combined with a small high-frequency transformer and two fast-recovery diodes, configuring a full-bridge isolated dc-dc converter. This reconfiguration avoids the use of an additional converter to charge the auxiliary battery, allowing the reduction of the size, weight and cost, when compared with traditional solutions. The use of the high-frequency transformer guarantees the accomplishment of the IEC 61851-1 standard requirement of galvanic isolation between the traction batteries and the vehicle chassis. The design and sizing of all the key components of the proposed reconfigurable battery charger were done using the mathematical models of the converters and were validated through experimental tests in a prototype developed for that purpose. The main steps to designing and sizing these key components have been presented in this paper, as well as some illustrative experimental results. The experimental results obtained during the T2A operation mode of the reconfigurable battery charger are in accordance with what is expected, validating the viability of the proposed topology. The accomplishment of the IEC 61000-3-2 standard, regarding the specified maximum amplitude of the individual current harmonics and the reactive power regulation, was verified with a FLUKE 435 power quality analyzer, during the G2V and V2G operation modes.
Thus, it can be concluded that the proposed reconfigurable battery charger is very versatile, avoiding the need of additional converters to charge the auxiliary battery of EVs and fulfilling the main requirements for future integration in a smart grid.
